Physiologically trivial time differences for cooling the intrathoracic viscera of hyperthermic individuals have been reported between cold-and temperate-water immersion treatments. One explanation for that observation is reduced convective heat delivery to the skin during cold immersion, and this study was designed to test both the validity of that observation, and its under- during the transition period (<8.5 min, mostly in air at 22 • C), with the former dropping to 37.5 • C only 54 s faster when immersed in cold rather than in temperate water (P < 0.05).
INTRODUCTION
The sudden cold-water immersion of any object precipitates rapid heat loss that is a function of the size of both the thermal gradient (Newton, 1700 ) and the exposed surface area (Gagge & Nishi, 2011) . In addition, rapid human immersions evoke a wide range of sympatho-adrenal and reflex responses, some of which are potentially hazardous (Tipton, 1989) , whereas others are protective and designed c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society to resist heat loss and defend body temperature (Johnson, Minson, & Kellogg, 2014; Werner, Mekjavic, & Taylor, 2008) . Those homoeostatic mechanisms almost immediately elevate cutaneous vascular tone (Johnson et al., 2014) , the intensity of which is linked to both the rapidity of the immersion and the extent of the tissue cooling (Johnson et al., 1977; Shattock & Tipton, 2012; Stocks, Taylor, Tipton, & Greenleaf, 2004) . The resulting cutaneous vasoconstriction reduces arterial inflow, with venoconstriction displacing slowly moving blood from the cutaneous capacitance vessels (Johnson et al., 2014; Roddie, 2011) . Consequently, both the transcutaneous thermal gradient and tissue insulation are physiologically modified.
Collectively, those changes alter the mass flow (convective delivery) of thermal energy from deeper tissues to the skin. Moreover, those defensive reactions will be more intense during cold-than temperatewater immersion, and those differences present a treatment paradox for the rapid cooling of profoundly hyperthermic individuals (deepbody temperature >39.5 • C; Weiner & Khogali, 1980; Wyndham et al., 1959) .
There is no doubt that the rapid restoration of normothermia is a critical first-aid objective, but treatments must also be viewed through the lenses of those rendering assistance, who aim to treat without harm (primum non nocere; Smith, 2005) . Not surprisingly, the optimal manner in which cooling might be achieved has been debated (Casa, Kenny, & Taylor, 2010) , with some recommending ice-cold water immersion Binkley, Beckett, Casa, Kleiner, & Plummer, 2002; Casa et al., 2007) , a method first advocated by Ferris, Blankenhorn, Robinson, and Cullen (1938) , whereas others advocate less aggressive cooling strategies (Caldwell et al., 2009; Taylor, Caldwell, van den Heuvel, & Patterson, 2008a; Weiner & Khogali, 1980; Wyndham et al., 1959) . One aspect of the former approach is the possibility of exposure to adverse, cold-induced pathophysiological sequelae, including cardiac arrhythmia, reduced cerebral blood flow, hypertension and endotoxaemia (Johnson et al., 2016; Mantoni, Belhage, Pedersen, & Pott, 2007; Shattock & Tipton, 2012; Tipton, 1989) .
A feature of the more conservative approach involves the direct (local) and indirect (reflex) thermal influences on cutaneous vascular function during cold-water immersion, and the impact that changes in vascular tone may have on cooling (Weiner & Khogali, 1980; Wyndham et al., 1959) . Indeed, it has previously been demonstrated that the deep-body cooling of asymptomatic, yet profoundly hyperthermic subjects, as reflected within oesophageal temperature changes, was only 45 s slower when immersed in temperate (26 • C) than within cold water (14 • C; Taylor et al., 2008a) . That outcome implied the possible interaction of a vascular mechanism. However, the consequences of the well-established vascular reactions to both local and wholebody cooling (Caldwell, Matsuda-Nakamura, & Taylor, 2014 Johnson et al., 2014; Roddie, 2011) have, to the best of our knowledge, remained unexplored when hyperthermic individuals were immersed in water of different temperatures, and so this became the primary purpose for the present investigation.
It was anticipated that heat extraction might be faster if perfusion of the cutaneous and skeletal muscle vascular beds could be sustained, because both the fixed (conductive) and variable (convective) resistances of those sites dominate tissue insulation. Further considerations were the inverse relationship between transcutaneous heat loss and tissue perfusion (Burton & Edholm, 1955; Ducharme & Tikuisis, 1991; Veicsteinas, Ferretti, & Rennie, 1982) , and the observation that circulatory collapse is not universally observed • What is the main finding and its importance?
The temperate-water cooling (26 • C) of profoundly hyperthermic individuals was found to be rapid and reproducible. A vascular mechanism accounted for that outcome, with temperature-dependent differences in cutaneous and limb blood flows observed during cooling.
Decisions relating to cooling strategies must be based upon deep-body temperature measurements that have response dynamics consistent with the urgency for cooling.
opposed to cold water, would better support heat loss in people with a viable cutaneous circulation (Weiner & Khogali, 1980; Wyndham et al., 1959) . It was therefore hypothesized that temperature-dependent differences in cutaneous and limb blood flows encountered during the immersion cooling of asymptomatic, hyperthermic individuals could explain the rapid heat extraction previously reported during temperate-water immersion (Taylor et al., 2008a) .
METHODS

Ethical approval
Procedures used during this experiment were approved by a Human Research Ethics Committee (University of Wollongong: HE07/039) in accordance with national regulations (National Health and Medical Research Council, Australia), and in compliance with the Declaration of Helsinki, except for registration in a database. All participants provided written, informed consent.
Participants
Eight physically active, healthy men participated in this study [23.7 years old (SD 4.2), 81.2 kg (SD 8.6) and 1.83 m (SD 0.48)] after being screened to exclude those with contraindicative cardiovascular or thermoregulatory conditions. In addition, pre-experimental screening was used to select a relatively homogeneous, endurance-trained sample to minimize the impact of variations in habitual exercise behaviours. The average predicted peak aerobic power of these subjects was 4.8 l min −1 (SD 0.8; Åstrand, 1960 
Procedures
Experimental overview
The principal foci of this study were the local cutaneous and forearm vascular responses during both cold-(14 • C) and temperate-water immersion (26 • C). In addition, this experiment enabled an evaluation of the reproducibility of previous cooling observations made in identical conditions, but using a different population sample (Taylor et al., 2008a) . In the present experiment, participants were immersed at these same water temperatures when in both normothermic 
Normothermic (control) state
For this thermal state (trials A and B), subjects reported to the laboratory in a rested and comfortable condition (Figure 1 ), and were prepared in a laboratory maintained at 22 • C. To standardize metabolic heat production, participants rested for 30 min before basal data collection, which occurred with subjects resting (semi-naked) above the water (10 min).
Whole-body heating
As the purpose of this experiment was to investigate the mechanisms involved in passive, postexercise cooling, it was essential to induce moderate-to-profound hyperthermia (trials C and D). That was defined as an oesophageal (deep-body) temperature >38.5 • C, but preferably >39.5 • C, and was achieved by replicating previous methods (Taylor et al., 2008a consisted of low-intensity exercise (67.8 W, SD 13.5) designed to clamp the third temperature target, and thereby ensure more uniform, whole-body heat storage, as might be expected within the field. The same exercise times and temperatures were used for both hyperthermic trials (trials C and D), with the work rates individually modified to achieve those targets. An isosmotic drink (100 ml, served at chamber temperature) was consumed after stages 1, 2 and 3.
Immediately after heating, the perfusion garment was removed, and participants were rapidly transferred to the immersion tank.
Pre-immersion thermal and vascular baselines were collected with subjects positioned above the water (∼5 min of supine rest; Figure 1 ; air temperature 22 • C). 
Water-immersion treatments
Experimental standardization
Participants were asked to refrain from strenuous exercise and the consumption of alcohol and tobacco for 12 h before each trial. For the night and morning before testing, subjects were instructed to eat meals high in carbohydrate and low in fat. They were also asked to drink 15 ml kg −1 of supplementary water before retiring, and to refrain from using caffeine for 2 h, before presenting in a well-rested Rehydration drinks were provided after experimentation, with those volumes representing 150% of the overall body-mass change.
Measurements
Deep-body temperatures were measured continuously from three responding rapidly to changes in the thermal energy content of the central blood volume (Taylor et al., 2014b; Todd, Gordon, Groeller, & Taylor, 2014 (Detry, Brengelmann, Rowell, & Wyss, 1972; Edholm, Fox, & Macpherson, 1956 ). However, although that is a widely accepted premise, it does not always hold (Crandall & Wilson, 2015) , with some studies showing a change in the distribution of blood flowing through the cutaneous and intramuscular compartments during the cold-water immersion of normothermic individuals (Gregson et al., 2011) . Forearm blood flows were obtained at rest, immediately before immersion (2 min) and then continuously throughout each immersion. Venous occlusion followed a continuous 8-s inflation and 12-s deflation cycle. Blood flow to the right hand was occluded during those measurements owing to its significant participation in thermoregulation (Taylor, Machado-Moreira, van den Heuvel, & Caldwell, 2014a) , particularly within heated states (Caldwell et al., 2014) , and the artefacts that vasomotor activity can create A&D scale, San Jose, CA, USA), and corrected for fluid consumption and urine production.
Analysis
This experiment was based upon a repeated-measures design, with subjects acting as their own controls. Between-trial treatment comparisons were performed using two-way, repeated-measures ANOVA. One-way, repeated-measures ANOVAs were used to compare pre-immersion baseline data. Tukey's HSD post hoc procedure was used to isolate sources of significant differences. was set at the 0.05 level, and data are presented as means with SEMs (±), with SDs used to summarize the independent variables and data distributions.
RESULTS
Pre-immersion thermal states
For trials A and B, participants were normothermic before immersion (Table 1) and continued during pre-immersion baseline data collection. That outcome was most evident within the oesophagus, less pronounced within the auditory canal and almost absent at the rectum (Table 1) .
Before immersion, there were no significant between-trial differences for any of the baseline physiological variables within either of the two thermal states (P > 0.05; Table 1 ), although predictable differences existed between those states (P < 0.05; Table 1 ).
Normothermic (control) immersions
During temperate-water immersions (trial A; 26 • C), oesophageal and rectal temperatures remained stable (Figure 2a ; P > 0.05) and,
although not mechanistically linked, provided similar information. 76.4 (6.7)* Data for trials C and D were collected after transfer of the subject to the immersion facility and final preparations, and reflect participant status 6 min 10 s and 6 min 32 s (respectively) after the cessation of exercise. Data are means (SEM); n = 8. Baseline data did not differ significantly between trials within the same thermal state (P > 0.05), although differences between those thermal states ( † trial A versus C and * trial B versus D) were significant (P < 0.05).
relative to its baseline (Figure 2b ; shaded region), such that at 17.5 min (Tipton, 1989) .
Indeed, during the first 30 s of immersion, an acute chronotropic response was observed in trial B (14 • C), with heart rates averaging 82 beats min −1 (±5). This was not seen during the temperate-water immersion [67 beats min −1 (±4); trial A). Over the entire immersion, heart rates were typically ∼15 beats min −1 higher during trial B
[73 beats min −1 (±3)] than trial A [58 beats min −1 (±3); P < 0.05].
However, neither the cutaneous nor the forearm vascular conductance differed, either over time or between the two control trials (Figure 3 ; P > 0.05).
Hyperthermic (treatment) immersions
Drinking was enforced during pre-immersion heating (300 ml), yet subjects still experienced fluid deficits of 2-3% at the end of trials C and D, reflecting changes that would be observed in the field, although the between-trial sweat losses were not significantly different (P > 0.05).
Given the standardization procedures and the stability of the thermal clamping ( Figure 4 ; 90-95 min), one may assume that physiological differences observed between those trials were induced by differences in the water temperature.
Crucial to this investigation were the dynamic responses of the three deep-body temperature indices. In this regard, it is important to note the rapidity of the deep-tissue cooling in trials C (26 • C) and D during the transition from pre-heating (Figure 4 ; 95 min at 36 • C) to immediately before immersion (Table 1; 
DISCUSSION
The principal focus of this research was not upon classical heat stroke, but the rapid cooling of otherwise healthy individuals suffering from work-or exercise-related (exertional) hyperthermia. In heat-stroke cases, it is often assumed that circulatory collapse has occurred, although that state is not unequivocally reported (Al-Khawashi et al., 1983; Hales et al., 2011) . For exertional hyperthermia, but perhaps with the exception of those who may have progressed into frank heat stroke, one might assume that a viable cutaneous circulation remains, and that it would support the convective removal of central body heat.
Against that background, profound hyperthermia was induced within habitually active individuals, with deep-body temperatures >39.4 • C at the cessation of exercising in the heat, when averaged across the oesophagus, auditory canal and rectum. From the comparison of subsequent cold-and temperate-water treatments, three significant outcomes arose. Firstly, simply moving semi-naked individuals out of the heat (36 • C) and into cooler air (22 • C) was sufficient to nullify the immediate thermal threat to the central nervous system in <8.5 min;
if one can accept that oesophageal temperatures of 38.6 and 38.7 • C (Table 1) are no longer dangerous. Secondly, the use of temperatewater cooling (26 • C) was found to be both rapid and reproducible.
Thirdly, those observations appear to have been mediated primarily by a significantly greater cutaneous circulation during the temperatewater treatment, which facilitated rapid heat dissipation in the presence of a much reduced thermal gradient.
When investigating dynamic phases, one must cautiously interpret the physiological significance of deep-body temperature changes.
Accordingly, before elaborating on the main experimental outcomes, it is important to understand the changes observed within the deep-body temperature indices during immersion. The strengths and limitations of those measures are described elsewhere (Casa et al., 2010; Taylor et al., 2008a Taylor et al., , 2014b , however, acceptance of the primary outcomes of this experiment will be heavily influenced by how one chooses to translate those dynamic responses.
In basal conditions, those indices provide numerically different, yet stable data (Taylor et al., 2014b) . For the present trials, one can be confident that, before immersion, participants were in a thermal steady state. Once immersion commenced, however, rapid heat fluxes were initiated, and the capacity of each index to reflect the thermal state of other body tissues became a function of both the convective (blood-borne) and conductive heat-transfer pathways separating those sites. The former is more important during non-steady states, with the oesophagus being convection dependent and the rectum primarily being a conduction-dependent site that does not readily track changes in the effectively perfused, central body mass (Taylor et al., 2014b) . Not surprisingly, when normothermic individuals were immersed, those indices revealed different information (Figure 2b ).
Altough there is little doubt that each index provided a valid indication of local heat storage, what remained uncertain was the capacity of each site to provide information about heat storage within other, potentially more heat-sensitive tissues (Casa et al., 2010; Taylor et al., 2014b) . was not evident at the oesophagus, the thermal energy content of which is blood-flow dependent (Taylor et al., 2014b) . Instead, that index revealed intrathoracic cooling during cold immersion, after an initial elevation. Cooling was also evident during the transition stages (in air) from the heated chamber to water immersion (trials C and D; Figure 4 and Table 1 ).
To our knowledge, only one group has reported changes in oesophageal temperature during the passive, air cooling of without forced convection but with a low relative humidity is almost as effective' (p. 772 of Wyndham et al., 1959) .
With regard to temperate-water cooling, as indicated using oesophageal temperature, there is little doubt that treatment was both efficacious and reproducible. Indeed, the between-trial differences in cooling times for identical experimental conditions (45 s; Taylor et al., 2008a) were closely approximated in the present project (54 s). Moreover, the water-cooling study of Proulx et al. (2006) demonstrated that oesophageal cooling rates did not differ significantly across any of the water temperatures investigated and, based upon auditory canal data, Weiner and Khogali (1980) found that cold-water cooling was even slower than warm-water spraying (0.4-0.5 m.s −1 ). It is therefore reasonable to conclude that deep-body cooling rates will be sufficiently fast (<10 min) to minimize the risk of adverse clinical outcomes, and can be obtained using either cold or temperate water.
Gastrointestinal perfusion is highly variable and is dramatically reduced during exercise and hyperthermia (Rowell, Brengelmann, Blackmon, & Murray, 1970) . Consequently, those tissues, particularly the rectum, respond sluggishly to rapid intrathoracic thermal changes.
Unfortunately, the case for ice-cold-water immersion treatment was largely based on cooling patterns observed at the rectum Binkley et al., 2002; Casa et al., 2007 Casa et al., , 2010 and, when the body cooling rate is critical, it is unwise to track its time course using an index with a thermal phase delay of 6-60 min (Taylor et al., 2014b (tumour necrosis factor-) were greater after aggressive cooling. Thus, although rectal cooling was enhanced, ice-water dousing appeared to induce pathophysiological changes consistent with altered gastrointestinal wall integrity and heat stroke (Bouchama & Knochel, 2002; Lambert et al., 2002) . Although the translation of those observations to hyperthermic humans awaits confirmation, this evidence cannot be dismissed until either its confirmation or refutation has occurred.
We must now consider mechanisms that account for the similarity of these oesophageal cooling rates across these treatments. As previously suggested (Taylor et al., 2008a; Weiner & Khogali, 1980; Wyndham et al., 1959) , differences in the mass transfer of heat from the deep-body to the peripheral tissues, in the face of markedly different thermal gradients, might explain similarities in the cooling rate. That hypothesis has now been supported, with that verification being the third significant experimental outcome. Presumably, those observations also reflected vascular changes in the legs, with exercise in the heat elevating cutaneous and skeletal muscle blood flows. Such changes reduce tissue insulation (Burton & Edholm, 1955; Ducharme & Tikuisis, 1991; Veicsteinas et al., 1982) , with a fourfold change from maximal vasoconstriction through to maximal dilatation (Burton & Edholm, 1955; Veicsteinas et al., 1982) .
Although resting muscles form part of the less-perfused peripheral mass during profound hyperthermia (Taylor et al., 2008c) , immediately after extended exercise in the heat, muscle blood flow remains elevated, unless subjected to powerful direct cooling, with that perfusion facilitating postexercise cooling during cold-air exposures (Castellani, Young, Kain, Rouse, & Sawka, 1999) .
We have shown that temperate immersion (28 • C) reduces vastus lateralis temperature (Booth et al., 2004) . When subjected to more powerful cooling (14 • C), that effect would be more pronounced. This is indeed the case for the skin (Proppe, Brengelmann, & Rowell, 1976; Werner et al., 2008; Wyss, Brengelmann, Johnson, Rowell, & Niederberger, 1974) , with changes in local skin temperature inducing significantly more powerful vasoconstriction within hyperthermic than normothermic individuals (Caldwell et al., 2014 (Caldwell et al., , 2016 . Cold-water immersion also reduces muscle blood flow in mildly hyperthermic individuals after exercise (Mawhinney et al., 2013) . Furthermore, muscle blood flow is more powerfully modulated by direct thermal stimuli (Heinonen et al., 2011) . When those states coexist, heat extraction was expected to be faster from vascular beds that remained adequately perfused, and the present observations are entirely consistent with that hypothesis (Figure 3) . Even though the skinwater thermal gradient was twofold greater in trial D than trial C, one suspects that the local skin temperature had decreased to a level that exerted a powerful direct influence on skin blood flow. Wyndham et al. (1959) had previously hypothesized that this would occur, although Casa, McDermott, Lee, Yeargin, Armstrong, and Maresh (2007) suggested that cold-induced vasoconstriction would not impede heat loss during cold-water immersion, suggesting that hypothesis misinterpreted an established physiological phenomenon.
It was further suggested that the thermal status of the deep tissues always dominates thermoeffector function . During thermal steady states that is the case, but during dynamic phases, thermoafferents from the skin (Hensel, 1981) elicit powerful vasoand venoconstriction (Johnson et al., 2014; Roddie, 2011) , and this is particularly evident in hyperthermic individuals (Caldwell et al., 2014 (Caldwell et al., , 2016 . Those vascular changes always modulate heat loss from the deep tissues, but one's capacity to observe that effect depends upon the sensitivity of the index chosen to track changes in deep-body temperature (Taylor et al., 2014b) .
Conclusion
It is concluded that the temperate-water cooling (26 • C) of profoundly hyperthermic, but asymptomatic individuals is both rapid and reproducible. As water approximating that temperature is more readily available during summer months, these observations have significant application for field-based treatments. Previously reported cooling in air, after the removal from a significant heat source, has also been re-confirmed. As hypothesized, those outcomes can be ascribed -0003-1983-1333 
